22 23 Short title: Planar growth control in Arabidopsis 24 25 Key words: AGC protein kinase, Arabidopsis, floral development, integument, ovule, PDK1, petal, 26 planar growth, UNICORN 27 28 29
Abstract 30
Tissue morphogenesis critically depends on the coordination of cellular growth 31 patterns. In plants, many organs consist of clonally distinct cell layers, such as the 32 epidermis, whose cells undergo divisions that are oriented along the plane of the 33 layer. The developmental control of such planar growth is poorly understood. We 34 have previously identified the Arabidopsis AGCVIII-class protein kinase UNICORN 35 (UCN) as a central regulator of this process. Plants lacking UCN activity show 36 spontaneous formation of ectopic multicellular protrusions in integuments and 37 malformed petals indicating that UCN suppresses uncontrolled growth in those 38 tissues. In the current model UCN regulates planar growth of integuments in part by 39 directly repressing the putative transcription factor ABERRANT TESTA SHAPE 40 (ATS). Here we report on the identification of 3-PHOSPHOINOSITIDE-41 DEPENDENT PROTEIN KINASE 1 (PDK1) as a novel factor involved in UCN-42 mediated growth control. PDK1 constitutes a basic component of signaling mediated 43 by AGC protein kinases throughout eukaryotes. Arabidopsis PDK1 is implied in 44 stress responses and growth promotion. Here we show that loss-of-function mutations 45 in PDK1 suppress aberrant growth in integuments and petals of ucn mutants. 46
Additional genetic, in vitro, and cell biological data support the view that UCN 47 functions by repressing PDK1. Furthermore, our data indicate that PDK1 is indirectly 48 required for deregulated growth caused by ATS overexpression. Our findings support 49 a model proposing that UCN suppresses ectopic growth in integuments through two 50 independent processes: the attenuation of the protein kinase PDK1 in the cytoplasm 51 and the repression of the transcription factor ATS in the nucleus. 52 53 Author Summary 54 Introduction 69 Spatial coordination of cell division patterns within a tissue layer is an essential 70 feature of plant tissue morphogenesis. For example, the shoot apical meristem 71 generates above-ground lateral organs, such as flowers, and is a composite of clonally 72 distinct histogenic cell layers [1] . Cells of the outermost or L1 layer will contribute to 73 the epidermis while cells of the inner L2 and L3 layers will generate the interior 74 tissues of a lateral organ. Similarly, the Arabidopsis root consists of radial cell layers 75 each of which originates from the activity of corresponding initial or stem cells within 76 the root meristem [2] . The two integuments of Arabidopsis ovules constitute another 77 example. They represent lateral determinate tissues that originate from the epidermis 78 of the chalaza, the central region of the ovule [3, 4] . Each integument consists of a bi-79 layered sheet of regularly arranged cells as the cells strictly divide in an anticlinal 80 fashion during outgrowth [3, 5, 6] . Thus, the two integuments undergo planar or 81 laminar growth eventually surrounding the nucellus and embryo sac in a hood-like 82 fashion. The regular cell division pattern during integument outgrowth suggests that 83 coordinated cellular behavior across the tissue is essential for the laminar structure of 84 the integuments. 85
86
The genetic control of planar integument growth is poorly understood [7] . Although 87 there exists a large number of mutants with a defect in integument development, a 88 detailed molecular and genetic framework controlling planar growth is still lacking. 89
Interestingly, integuments of unicorn (ucn) mutants exhibit spontaneous local ectopic 90 growth revealing a defect in the regulation of planar growth [8] . UCN encodes a 91 protein kinase of the AGC VIII family [9] . Certain members of the AGC VIII family, 92 such as D6 PROTEIN KINASE (D6PK), PINOID (PID), or WAG2, have been shown 93 to be important for activation of polar auxin transport [10] [11] [12] raising the possibility 94 that UCN mediates planar growth through the regulation of polar auxin transport. 95
However, there is no evidence supporting this view. The available data suggest that 96 UCN is not involved in polar auxin transport [9, [12] [13] [14] . Moreover, expression of PIN-97 FORMED (PIN) genes, encoding the classic regulators of intercellular polar auxin 98 transport [15, 16] , could not be detected during integument outgrowth [17, 18] . 99 100 How does UCN suppress ectopic growth in integuments? So far, genetic analysis has 101 identified ABERRANT TESTA SHAPE (ATS) as an important factor involved in the 102 UCN signaling mechanism [9, 14] . ATS encodes a putative transcription factor that 103 controls early integument development [19] [20] [21] [22] . In the current model UCN controls 104 maintenance of planar integument growth by attenuating the activity of ATS through 105 direct phosphorylation. In the absence of wild-type UCN function, de-repression of 106 ATS results in an altered transcriptional program that ultimately leads to ectopic local 107 growth in integuments. ATS could potentially provide a link to auxin as there is 108 evidence suggesting that a complex between the auxin response factor ARF3/ETTIN 109 (ETT) and ATS controls integument initiation [22] . However, genetic data indicate 110 that UCN does not control early integument initiation and functions independently of 111 ARF3/ETT. Rather, the interaction between UCN and ATS is thought to be part of a 112 later-acting mechanism that maintains planar integument outgrowth [9, 14] . 113 114
3-PHOSPHOINOSITIDE-DEPENDENT PROTEIN KINASE 1 (PDK1) represents 115
another factor potentially involved in UCN signaling. PDK1 encodes a basal member 116 of the AGC protein kinase family and a master regulator of downstream AGC 117 kinases. PDK1 is well characterized in mammalian cells where it plays a central role 118 in connecting lipid signaling to a broad range of cellular processes [23, 24] . Amongst 119 others, it is involved in the promotion of cell proliferation and survival [25] and is 120 overexpressed in many different tumors [26] . Complete absence of PDK1 function is 121 lethal in for example fly or mouse [27, 28] . PDK1 consists of an N-terminal kinase 122 domain and a C-terminal pleckstrin homology (PH) domain through which it binds to 123 phospholipids. Well-studied targets include PKA, p70 ribosomal S6 kinase (S6K), or 124 PKB/Akt. How exactly PDK1 activates its targets is substrate-specific. As a rule, 125 PDK1 interacts with downstream AGC kinases by binding to a small hydrophobic 126 motif (FxxF, often extended to include a phosphorylation site) termed PDK1 127 interacting fragment (PIF), or PIF domain, present at the C-terminus of many target 128 AGC kinases. The PDK1 domain mediating this interaction is called PIF-binding 129 pocket or PIF-pocket. PDK1 then activates its various substrates by phosphorylating a 130 specific site in the activation-loop (also known as T-loop) of the target kinase domain. 131
132
In unstimulated cells animal PDK1 is found in the cytoplasm but is largely excluded 133 from the nucleus. Upon stimulation, however, PDK1 also accumulates in the nucleus, 134 possibly as a means to prevent activation of cytosolic signaling pathways [29] [30] [31] . 135 Activation of PDK1 itself appears to be a dynamic process [29, 32, 33] . The current 136 model states that PDK1 auto-phosphorylates, and is thus principally constitutively 137 active, but is kept inactive due to auto-inhibition mediated by the PH domain. 138 
Results

179
PDK1 is expressed in many tissues and localized in the cytoplasm 180
We first performed a basic molecular and cell biological characterization of PDK1. experiments. Nevertheless, we performed whole-mount ISH on ovules at different 196 developmental stages. We could detect PDK1 transcripts throughout the ovule, with 197 the exception of the nucellus (Fig 2) . We further confirmed broad expression of The results outlined above indicate that UCN and PDK1 physically interact in vitro 284 and in plant cells. Next, we wanted to assess the biological relevance of such an 285 interaction. To this end we performed a set of genetic analyses. We first investigated 286 the phenotypes of ucn-1 pdk1.1 and ucn-1 pdk1.2 double mutants. Interestingly, we 287 found in the ucn pdk1 double mutants an essentially full restoration of the ucn ovule 288 and flower phenotype to wild type ( Fig 8, Table 1 ). The genetic result suggests that 289 UCN is a negative regulator of PDK1. In ucn mutants elevated PDK1 activity would 290 lead to the mutant ucn phenotype which includes aberrant outgrowths on integuments 291 and malformed petals [9] . In a double mutant the ectopic activity of PDK1 would be 292 absent resulting in a pdk1-like phenotype (which is apparently normal with respect to 293 integument and petal development (Fig 8) [44] . 294 295 If the notion of UCN being a negative regulator of PDK1 function was valid one 296 would expect ectopic activity of PDK1 to result in a ucn-like phenotype. To test this 297 assumption, we generated EGFP fusions of PDK1.1 and PDK1.2 under the control of 298 the UBIQUITIN promoter (pUBQ10, At4g05320) and transformed wild-type Ler 299 plants with the corresponding transgenes. In both cases we investigated the 300 phenotypes of 11 independent transgenic T2 lines homozygous for the transgene. In 301 nine pUBQ::PDK1.1:EGFP lines we observed distorted petals and ovules with 302 protrusions indicating that overexpression of PDK1 results in a ucn-like phenocopy 303 Table 2 ). Similar phenotypes were observed in eight pUBQ::PDK1.2:EGFP 304 lines. We also crossed two of the phenotypic pUBQ::PDK1.1:EGFP and 305 pUBQ::PDK1.2:EGFP lines into ucn-1. In all instances we observed an increase in 306 the number and size of integumentary protrusions in ucn-1 pUBQ::PDK1:EGFP 307 when compared to protrusions formed in ucn-1. These data indicate that ectopic 308 expression of PDK1 in a ucn-1 background aggravates the ucn-1 phenotype further. 309
The data support the notion of UCN being a negative regulator of PDK1 and hint at 310 the presence of additional, as yet unidentified, repressors of PDK1. 311
312
The finding that ectopic PDK1 expression results in a ucn-like phenotype raises the 313 possibility that UCN could function as a transcriptional regulator of PDK1. To test 314 this hypothesis, we assessed PDK1.1 and PDK1.2 expression in ucn-1 ovules by 315 whole-mount ISH. No obvious expression differences could be detected between wild 316 type and ucn-1 (Fig 10A-D) . We also assessed PDK1.1 and PDK1.2 transcript levels 317 in wild type and ucn-1 flowers and stems by quantitative real-time PCR (qPCR) (Fig  318   10E ). We could not observe a significant difference in PDK1.1 or PDK1.2 transcript 319 levels between wild type and ucn-1. These observations indicate that the negative 320 regulation of PDK1 by UCN occurs at the post-transcriptional level. Our genetic data support a functional relevance of the interactions between PDK1 and 410 UCN detected in vitro, in yeast, and in protoplasts. However, it is unlikely that the 411 observed in vitro phosphorylation of GST:UCN by MPB:PDK1 reflects an essential 412 activation of UCN by PDK1 in planta. If this notion was true one would expect a ucn-413 like phenotype in pdk1.1. pdk1.2 double mutants. We did not observe such a 414 phenotype, however, we cannot exclude that another, as yet unidentified, protein 415 kinase substitutes for PDK1. In any case, the observed rescue of the ucn 416 integumentary outgrowths and petal malformations in pdk1.1 ucn-1 or pdk1.2 ucn-1 417 double mutants suggests UCN to act as a negative regulator of PDK1. As we did not 418 detect altered PDK1 transcript levels in ucn mutants we propose that the regulation 419 occurs at the post-transcriptional level. This notion is also supported by the 420 observation that increasing concentrations of GST:UCN mediated a mild decrease in we suggest that overexpression of PDK1 results in high PDK1 protein levels that 438 titrate out available UCN proteins. Elevating PDK1 activity beyond the threshold 439 would therefore lead to a deregulation of growth control in integuments and petals. 440
Interestingly, overexpression of PDK1 is an important feature of many human tumors 441 [26] . We propose that UCN is part of the mechanism that attenuates PDK1 function in 442 Arabidopsis and thus prevents the deregulation of growth control in integuments and 443 petals. 444 445 Previous results [9, 14] and the data presented here are compatible with the notion that 446 UCN attenuates the activity of at least two proteins with diverse functions, the protein 447 kinase PDK1 and the putative transcription factor ATS. The effects of the interaction 448 between UCN and ATS appear to be restricted to the regulation of planar growth in 449 integuments [9, 14] . By contrast, the results shown here indicate that the interaction 450 between UCN and PDK1 is of broader relevance and controls integument and petal 451 development. How does PDK1 relate to ATS? It is unlikely that PDK1 directly affects 452 ATS. We observed only very weak phosphorylation of ATS by PDK1 in in vitro 453 kinase assays. Moreover, BiFC experiments did not support physical interaction 454 between PDK1 and ATS in a plant cell and our results failed to provide evidence for a 455 presence of PDK1 in the nucleus. In addition, PDK1 does not seem to be involved in 456 the promotion or inhibition of ATS activity as pdk1.1. pdk1.2 double mutants did not 457
show an ats or sk21-D-like phenotype. Thus, the in vitro phosphorylation data may 458 not be relevant in vivo. However, ectopic outgrowth formation in integuments upon 459 overexpression of PDK1 or ATS depended on the presence of ATS and PDK1, 460 respectively. Thus, the present data support the view that PDK1 may represent a more 461 globally acting factor that conditions a cellular context in which for example 462 exceedingly high levels of ectopic ATS activity can exert its detrimental effects on 463 growth regulation in integuments. In this model UCN functions at the nexus of two For DNA and RNA work standard molecular biology techniques were used. PCR-490 fragments used for cloning were obtained using Phusion or Q5 high-fidelity DNA 491 polymerase (both New England Biolabs, Frankfurt, Germany). All PCR-based 492 constructs were sequenced. The Gateway-based (Invitrogen) pDONR207 was used as 493 entry vector, and destination vectors pMDC43 and pMDC83 [58] were used as binary 494 vectors. Detailed information for all oligonucleotides used in this study is given in S1 495 Table. The kinase-deficient mutant versions of either PDK1 or UCN were generated 496 by site-directed mutagenesis approaches. The conserved lysine residues at positions 497 73 (PDK1.1), 74 (PDK1.2) or 55 (UCN) were replaced with alanine residues (PDK1) 498 or a glutamic acid residue (UCN), respectively. UCNG165S was generated in a 499 similar approach by replacing the Gly165 residue by a serine. 500 501
PCR-based gene expression analysis 502
Floral tissue for quantitative real-time PCR (qPCR) was harvested from plants grown 503 under long day conditions. With minor changes, tissue collection, RNA extraction and 504 quality control were performed as described previously [59] . cDNA synthesis, qPCR, 505 and analysis was done essentially as described [9] . motif at the C-terminus)). 541 542
In vitro kinase assays 543
For kinase assays, the proteins were purified as described above and concentrations 544 were estimated on a 12% SDS PAGE using BSA as standard protein. Assays were 545 performed with approximately 500 ng of respective protein(s) and incubated in HMK 546 buffer (10 mM HEPES, 10 mM MgCl2, 10 µM ATP and 2 µCi either γ-32 P-ATP or γ-547 33 P-ATP (Hartmann Analytik, Braunschweig, Germany)) at RT for 1 h. Reactions 548 were stopped by adding 4 µL 6xLaemmli buffer and boiling at 95°C for 5 min. In 549 order to separate the proteins, 12% SDS PAGE was performed. Subsequently, the gels 550 were stained with Coomassie Brilliant Blue G250, destained in 10% acetic acid and 551 dried. Phosphorimager plates were exposed at RT over night and signals were 552 detected using a Fuji BAS Phosphorimager (Fujifilm, Düsseldorf, Germany). 553 554
Yeast two-hybrid assays 555
For yeast two-hybrid assays, the above-mentioned four PDK1 and five UCN versions 556 were used. The coding sequences of these versions were cloned into pGBKT7 and 557 pGADT7 vectors, respectively (Clontech Laboratories/Takara Bio, Saint-Germain-en-558 Laye, France). Plasmids were transformed into yeast strain AH109 and transformants 559 were selected on SD-LW medium (SD medium without Leu and Trp). Three 560 independent colonies of each combination were resuspended in 500 µL ddH2O, 561 diluted 1:100 and 10µL of the dilutions were spotted on SD-LWHA (SD medium 562 without Leu, Trp, His and Adenine) supplemented with 5 mM 3-AT and grown at 563 30°C for 3 days. Table 1 . Characterization of ucn, pdk1 and ucn-1 Ler, ucn-1, Col-0, ucn-1 outcrossed to Ler and Col-0 (F3 plants homozygous for ucn-944 1), respectively, and homozygous double mutants (pdk1.1 ucn-1 and pdk1.2 ucn-1) 945 and homozygous triple mutants (pdk1.1 pdk1.2 ucn-1). Knockouts of pdk1.1, pdk1.2 946 or both restore the ucn-1 phenotype to 73 % and 90 % of the WT level, respectively 947 (ucn-1 pdk1.1-2: 73%; ucn-1 pdk1.1-1: 80%; ucn-1 pdk1.2-3: 86%; ucn-1 pdk1.2-2: 948 90%). Sample sizes are given in Table 1 RNA isolated from flower (stages 1-13) and stems. Genotypes and probes are 968 indicated. Between three to five biological replicates were used for each tissue and 969 genotype. Means ± SD are shown. Expression levels for PDK1.1 or PDK1.2 do not 970 noticeably vary between genotypes. At2g28390, At4g33380, and At5g46630 were 971 used as reference genes [9] . p-values (Ler vs. ucn-1) are as follows: PDK1.1 flowers, 972 p = 0.28; PDK1.1 stem, p = 0.56; PDK1.2 flowers, p = 0.44; PDK1.2 stem, p = 0.55. 
